Abstract: Anti-Candida activities of certain new oximes 4a-d and their respective aromatic esters 5a-l are reported. The tested compounds 4a-d and 5a-l exhibited better anti-Candida profiles than fluconazole. Compound 5j, namely (E)-3-(1H-imidazol-1-yl)-1-phenylpropan-1-one O-4-chlorobenzoyl oxime emerged as the most active congener, with a MIC value of 0.0054 µmol/mL being more potent than both fluconazole (MIC > 1.6325 µmol/mL) and miconazole (MIC value = 0.0188 µmol/mL) as a new anti-Candida albicans agent.
Introduction
Fungal infections have recently emerged as a growing threat to human health, especially in patients with weakened or compromised immune systems [1, 2] . The organisms most often responsible for invasive fungal infection are Candida and Aspergillus species [3] . Candida infections are adverse in their manifestations, varying from superficial skin problems, chronic infection of the nails, mouth,
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throat or vagina to frequently fatal systemic diseases that involve the lungs, heart, gastrointestinal tract, central nervous system and other organs [4] . These infections are considered to be opportunistic in nature, since some aspect of the host's defense system is impaired in some way. In spite of the large number of the available antifungal agents, the medical need is still largely unmet and therefore, efforts to discover new antifungal agents are a must. This is largely due to the perceived threat of emerging new pathogenic fungi and resistance of many strains to existing therapy [5] [6] [7] .
Five major classes of the clinically used antifungal drugs are available, namely polyenes (such as amphotericin B and nystatin), echinocandins (such as caspofungin), allylamines (such as naftifine and terbinafine), fluoropyrimidines (such as 5-fluorocytosine) and azoles (such as miconazole, fluconazole and oxiconazole) ( Figure 1 ) [8] [9] [10] . Azole antifungal drugs remain the mainstay of therapy for candidal life-threatening fungal infections due to their safety profile and high therapeutic index [11] . The mechanism of action of azole antifungals relies on their ability to inhibit Cyt-P450 dependent sterol 14α-demethylase through binding to the heme cofactor of the cytochrome CYP51 leading to inhibition of sterols synthesis in fungi [4, 12] . An evaluation of the literature exposed that some potent clinically used azole antifungals are derived from oxime-containing scaffolds [13] . Additionally, most of the available imidazole-containing antifungal agents have a two carbon atom spacer between the imidazole pharmacophore and an aromatic moiety, whereas limited information is available about imidazole-containing antifungals having a three-carbon atom linker between the imidazole pharmacophore and the aromatic moiety [14, 15] . Moreover, Walker et al. reported that some aryl and aralkyl esters of 2-(1H-imidazol-1-yl)-1-phenylethanols displayed more anti-Candida albicans activity than miconazole [16] .
Based upon the aforementioned premises, we became interested in the development of new imidazole-containing drug-like anti-Candida agents incorporating oxime functionality, exemplified by compounds 4a-d as well as their respective aromatic esters, compounds 5a-l.
Results and Discussion

Chemistry
The pivotal ketones 3a-d were prepared using the synthetic strategy outlined in Scheme 1. Thus, the appropriate acetophenone 1a-d was reacted with dimethylamine hydrochloride and paraformaldehyde in the presence of a catalytic amount of concentrated hydrochloric acid to yield Mannich base hydrochlorides 2a-d. Imidazole was alkylated with the appropriate Mannich base 2a-d to give ketones 3a-d in good yields (Scheme 1). Scheme 1. Synthesis of the ketones 3a-d. Ketones 3a-d were allowed to react with hydroxylamine hydrochloride in the presence of potassium hydroxide to yield oximes 4a-d. X-ray crystallography is a decisive analytical tool which can confirm the configuration of the produced oximes 4a-d. Accordingly, the assigned (E)-configuration of compounds 4a-d was established via single crystal X-ray structure of the oxime 4a ( Figure 2 ) [17] .
The produced oximes 4a-d were subjected to esterification with the appropriate carboxylic acid derivatives using ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI.HCl) in the presence of 4-dimethylaminopyridine (DMAP) to yield the target compounds 5a-l (Scheme 2). The chemical structures of oximes 4a-d and the title compounds 5a-l were confirmed via IR, 1 H-NMR, 13 C-NMR and mass spectral data. 
In Vitro Anti-Candida Activity and SARs
Fluconazole is the gold standard azole antifungal and used clinically as the first line of treatment for fungal infections, especially those caused by C. albicans. However, its extensive medical use has led to the emergence of resistance [18] . The in vitro anti-Candida activity of the synthesized imidazole-containing oximes 4a-d and their respective aromatic esters 5a-l was evaluated against two clinical isolates of Candida, C. albicans and C. tropicalis, which are resistant to fluconazole (MIC > 1.6325 µmol/mL). The test compounds 4a-d and 5a-l incorporate a three-carbon atom bridge between the imidazole pharmacophore and the aromatic moiety to gain insight about anti-Candida activity of this type of compounds. The anti-Candida activities, expressed as diameter of the inhibition zone (DIZ) and minimum inhibition concentration (MIC) for the oximes 4a-d, the target compounds 5a-l as well as for the reference drugs fluconazole and miconazole, are summarized in Table 1 . * The arithmetic mean of the inhibition zone diameters in mean ± standard deviation in mm. ** The lowest concentration of the compound that produced 80% microbial growth inhibition (μmol/mL).
The preliminary anti-Candida potential of the test compounds 4a-d and 5a-l was evaluated using the DIZ assay and the results are presented in Table 1 . The test compounds displayed a promising anti-Candida activity (DIZ = 7-25 mm) where compound 5j was the most active congener (DIZ = 25 ± 1 and 25 ± 1.2 mm against C. albicans and C. tropicalis, respectively).
The oxime 4a exhibited good anti-Candida activity (MIC value = 0.5807 µmol/mL) toward both C. albicans and C. tropicalis, being more potent than fluconazole (MIC value > 1.6325 µmol/mL) but weaker than miconazole (MIC value = 0.0188 and 0.0024 µmol/mL for C. albicans and C. tropicalis, respectively). Substitution of the aromatic ring of 4a with substituents endowed with different electronic and steric properties like chloro, methoxy and/or methyl groups gave compounds 4b, 4c and 4d, respectively, aiming to enhance its anti-Candida activity. Unfortunately, the anti-Candida activity of 4a did not improve significantly, except for compound 4c toward C. tropicalis (MIC value = 0.2549 µmol/mL).
De Vita et al. reported that the presence of a second aromatic ring could enhance the antifungal activity of azoles [19] . Consequently, the respective aromatic esters 5a-l of the oximes 4a-d were prepared and biologically evaluated as new anti-Candida agents. Esterification of the hydroxyl group of 4a with benzoic acid gave compound 5a which displayed better anti-Candida activity (MIC value = 0.3919 µmol/mL) than that of 4a toward C. albicans. Moreover, esterification of the hydroxyl group of the oximes 4b-d with 4-chlorobenzoic acid gave the respective esters 5b-d.
Compounds 5b-d showed better anti-Candida profile than their respective oximes 4b-d, where compound 5b is the most active congener with a MIC value of 0.0805 µmol/mL toward C. albicans.
Substitution of the aromatic ester functionality of 5a with fluoride, methyl and/or trifluoromethyl groups gave compounds 5e-g which exhibited anti-Candida albicans activity comparable with that of 5a, except for compound 5g (MIC value = 0.6454 µmol/mL) which was weaker than 5a. Compounds 5e-g displayed better anti-Candida tropicalis profiles than that of 5a where compound 5f is the most active candidate with a MIC value of 0.1876 µmol/mL.
Substitution of the aromatic ester functionality of 5a with a group endowed with negative inductive effect and positive mesomeric properties like a methoxy group gave compound 5h, which showed a comparable anti-Candida albicans profile (MIC value = 0.0112 µmol/mL) with that of miconazole (MIC value = 0.0188 µmol/mL) and was about 145-fold more potent than fluconazole (MIC > 1.6325 µmol/mL). This result encouraged us to synthesize the trimethoxy analogue of 5a, compound 5i. Unfortunately, 5i exhibited weaker anti-Candida albicans (MIC value = 0.3053 µmol/mL) than that of 5h.
Compound 5j emerged as the most active congener in the whole series of synthesized compounds against both C. albicans and C. tropicalis. Compound 5j, the 4-chloro analogue of 5a, exhibited about 3.5-fold and 300-fold more potency than miconazole and the gold standard azole antifungal, fluconazole, respectively, as a drug-like anti-Candida albicans agent. The positional isomers of compound 5j, compounds 5k and 5l, displayed weaker anti-Candida activity than that of 5j.
Experimental
Chemistry
General
Melting points were determined on a Gallenkamp melting point apparatus, and are uncorrected. Infrared (IR) spectra were recorded as KBr disks using the Perkin Elmer FT-IR Spectrum BX apparatus. NMR spectra were carried out on a Bruker NMR spectrometer operating at 500 MHz for 
General Procedure for Preparation of the Ketones 3a-d
The appropriate acetophenone 1a-d (200 mmol), dimethylamine hydrochloride (270 mmol) and paraformaldehyde (90 mmol) were heated to reflux in absolute ethanol (35 mL) in the presence of catalytic amount of concentrated hydrochloric acid (0.5 mL). Reflux of the reaction mixture was continued under stirring for two hours, cooled and acetone (200 mL) was added. The formed Mannich base hydrochlorides 2a-d were precipitated, filtered off and dried. Subsequently, compounds 2a-d (100 mmol) were dissolved in water (100 mL) and imidazole (200 mmol) was added. The reaction mixture was heated to reflux for five hours, cooled and the precipitated solids were collected by filtration to give ketones 3a-d which were pure enough to be used in the next step.
3-(1H-Imidazol-1-yl)-1-phenylpropan-1-one (3a)
. Synthesis of 3a was previously reported [14] .
1-(4-Chlorophenyl)-3-(1H-imidazol-1-yl)
propan-1-one (3b). Synthesis of 3b was previously reported [15] .
3-(1H-Imidazol-1-yl)-1-(4-methoxyphenyl)propan-1-one (3c)
. Synthesis of 3c was previously reported [20] . Imidazol-1-yl)-1-(4-methylphenyl) propan-1-one (3d). Synthesis of 3d was previously reported [21] .
3-(1H-
General Procedure for Preparation of the Oximes 4a-d
A mixture of the appropriate ketone 3a-d (10 mmol), hydroxylamine hydrochloride (20 mmol), and KOH (20 mmol) in ethanol (10 mL) was heated to reflux under stirring for 18 h. The reaction mixture was allowed to cool to room temperature and the insoluble solids were filtered off. The filtrate was concentrated under vacuum and the residue was poured onto ice-cold water (15 mL). The precipitated solids were collected by filtration and dried to give oximes 4a-d which were subsequently subjected to the esterification step without any further purification. 1-(4-Chlorophenyl)-N-hydroxy-3-(1H-imidazol-1-yl) propan-1-imine (4b). The synthesis and characterization of 4b were previously reported [22] . 
(1E)-N-Hydroxy-3-(1H-imidazol-1-yl)-1-(4-methoxyphenyl)propan-1-imine (4c
(1E)-N-Hydroxy-3-(1H-imidazol-1-yl)-1-(4-methylphenyl)propan-1-imine (4d
General Procedure for the Synthesis of the Target Oxime Esters 5a-l
A solution of the appropriate carboxylic acid (7 mmol) and EDCI·HCl (7.3 mmol) was stirred in DCM (75 mL) in the presence of DMAP (400 mg). The appropriate oxime 4a-d (6.9 mmol) was added to the stirred reaction mixture and stirring was continued for further 18 h at room temperature. The reaction mixture was washed successively with water (2 × 20 mL), 10% NaHCO 3 solution (2 × 15 mL), and water (2 × 15 mL). The organic layer was separated, dried (Na 2 SO 4 ) and evaporated under reduced pressure and the residue was purified either by recrystallisation (for solids) or by column chromatography (for oils). Dimethyl sulfoxide (100%) was used to dissolve stock solutions of miconazole, fluconazole and/or the synthesized compounds 4a-d and 5a-l to obtain an initial concentration of 1000 µg/mL. These stock solutions were then diluted to the desired concentration with sterile distilled water. Miconazole and fluconazole antifungal discs were stored at -80 °C until used.
(E)-3-(1H-Imidazol-1-yl)-1-phenylpropan-1-one O-benzoyl oxime (5a)
.
(E)-1-(4-Chlorophenyl)-3-(1H-imidazol-1-yl)propan-1-one O-4-chlorobenzoyl oxime (5b
(E)-3-(1H-Imidazol-1-yl)-1-(4-methoxyphenyl)propan-1-one O-4-chlorobenzoyl oxime (5c)
Media
Liquid RPMI 1640 medium supplemented with L-glutamine was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA) and was added to 2% sodium bicarbonate and 0.165 M morpholine-propane sulfonic acid (MOPS) from Dojindo Laboratories (Kumamoto, Japan) then adjusted to pH 7.0. Sabouraud Dextrose Agar (SDA) and Brain Heart Infusion Broth (BHI) from Difco Laboratories (Detroit, MI, USA). Potato dextrose agar (PDA) was purchased from Eiken Chemical Co. Ltd. (Tokyo, Japan).
Organisms
Two clinical isolates of Candida species were obtained from King Khaled Hospital, Riyadh, Saudi Arabia. One was identified as C. albicans and the other as C. tropicalis. The yeasts were stored at -70 °C in BHI with glycerol 5% until tested.
Preparation of Inocula
Preparation of inocula for the broth microdilution testing was performed in accordance with CLSI documents M27-A2 [23] with RPMI 1640 medium. Yeast isolates were subcultured at 35 °C for 48 h on PDA plates. Candida cells were then recovered and suspended in 5 mL of sterile saline. The turbidity of each suspension was adjusted to a 0. 
Disk Diffusion Assay
The disk diffusion assay was performed as described previously [24] . Colonies obtained from the Candida strains under test were suspended in sterile saline and adjusted to a 0.5 McFarland standard (corresponding to 5 × 10 6 CFU/mL). An aliquot of 100 µL of each yeast suspension was spread uniformly onto SDA plates. Six mm Whatmann filter paper disks were impregnated with 1000 µg of the synthesized compounds 4a-d and 5a-l and were allowed to dry. Then they were placed onto the surface of the inoculated agar plates together with the standard antifungal discs which were then incubated at 35 °C. Diameters of inhibition zones were measured at 24 h.
Antifungal Susceptibility Studies
The MIC of the reference standards and/or the synthesized compounds 4a-d and 5a-l were determined with a microdilution test (M27-A2 Protocol), according to the reference method of the CLSI. The previously prepared yeast inocula (100 µL) were added to each well of 96-well flat-bottom microdilution plates; each well contained 100 µL of twofold serial dilutions of the standard or the synthesized compounds 4a-d and 5a-l ranging from 1 µg/mL to 500 µg/mL in RPMI 1640 medium. Readings were measured at 490 nm with a microplate ELISA reader after each plate was incubated at 35 °C for 48 h. The MICs for the reference standards and/or the synthesized compounds were determined with 80% growth inhibition at the end point relative to the turbidity of the growth control.
Conclusions
Anti-Candida activities of certain new imidazole-containing oximes 4a-d and their respective aromatic esters 5a-l have been reported. The synthesized compounds 4a-d and 5a-l exhibited anti-Candida activity better than that of the gold standard antifungal drug, fluconazole. Compound 5j emerged as the most active congener among the all synthesized compounds, being about 3.5-fold and 300-fold more potent than miconazole and fluconazole, respectively. Compound 5j could be considered as a prodrug and could serve as a new lead for anti-Candida agents.
